Abstract-In this paper, a novel waffle-iron filter with transmission zeros at multiple frequencies, along with its design procedure, is presented. The proposed filter features a high-power behavior and a wide rejected band in a single compact structure by means of a set of transmission zeros that can also be placed close to the passband. Its design method rests on a divide-and-rule strategy, where the physical dimensions of the constituent design entities can be easily computed in a very short time. A novel high-power compact waffle-iron filter with transmission zeros at multiple frequencies has been designed as well as several classical waffle-iron filters with transmission zeros at one frequency only, using a detailed step-by-step procedure which avoids the bruteforce optimizations needed until now. Multipactor and corona simulations have been conducted proving a high-power handling capability of 1.8 kW and 78.6 W, respectively. A prototype of the novel filter has been fabricated, obtaining a remarkable accordance between the simulated and measured results.
I. INTRODUCTION
T HE classical waffle-iron filter is the typical waveguide low-pass solution when the suppression of the fundamental and the higher order modes is required over a wide stopband (up to several harmonics). Invented in the 1940s [1] , [2] , this kind of rectangular waveguide filters is nowadays utilized in many widespread applications such as antenna feeders [3] , [4] , output section of a satellite communication payload [5] , [6] , and industrial fabrication processes employing microwaves in order to prevent the escape of radiation from the manufacturing chamber [7] , [8] . The physical structure of a waffle-iron filter is based on the classical corrugated low-pass filter [9] , [10] , where longitudinal slots are added to suppress the higher order TE n0 modes over the required stopband. The effect of the slots is very well explained in modern textbooks such as [11] and it can be summarized as follows. Due to the fact that any TE n0 mode can be decomposed in two plane waves propagating at different angles, if the waffle-iron filter is designed roughly isotropic (having the same characteristics at a given frequency for any plane wave propagating in any direction), all these plane waves will be similarly attenuated. Thus, in a doubly-corrugated waffle-iron filter, all the TE n0 modes will be properly suppressed. There are two classical synthesis procedures to design waffle-iron filters [10] . The first one starts designing a classical corrugated waveguide filter. Then, longitudinal slots are incorporated in the low-height sections. This decreases their capacitance per unit length, which makes necessary to reduce further those heights using the tables in [1] in order to maintain the performance of the original structure. The second procedure proposes a new electrical model that includes the E-plane T-junction available in Marcuvitz's [12] book to predict the frequency behavior of the waffle-iron section. Both methods are rather complicated procedures that may be difficult to control, specifically to obtain the intended in-band return loss of the filter [13] . However, they are still used today to obtain an initial structure whose physical dimensions will be later on intensively optimized (using different numerical analysis methods) to meet the desired frequency specifications [7] , [14] , [15] . Teberio et al. [16] presented a procedure for the design of classical waffle-iron filters that is accurate when the maximum height of the filtering structure is small enough to avoid the excitation of the higher order non-TE n0 modes inside the device up to the maximum frequency of the intended stopband. This assumption allows the design of waffle-iron filters with a limited power-handling capability only (multipactor threshold levels around hundreds of watts at Ku-band).
The high-power performance of a waffle-iron filter can be improved by modifying the geometry of its teeth [17] , by stacking several identical waffle-iron filters, dividing the power between them and combining their outputs [18] or by enlarging the minimum mechanical gap [19] . Applying the latter approach, if the maximum height is not altered, either the attenuation level along with the rejection bandwidth is 0018-9480 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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reduced or the electrical model is not satisfied. Thus, the maximum height needs to be increased, which leads to the appearance of a transmission zero within the rejection band. However, when this transmission zero is put close to the passband (to increase its steepness for instance), the rejection bandwidth is also severely decreased. Therefore, there is always a tradeoff between the mechanical gap of the structure (i.e., its powerhandling capability) and the maximum frequency of the stopband (i.e., its rejection bandwidth). This limitation could be surpassed by connecting several waffle-iron filters with larger gaps whose narrow stopbands are sequentially overlapped to achieve the required wide stopband. However, each waffleiron filter would have to be independently designed and then connected to each other by quarter-wave transformers, which is time-consuming and leads to a bulky solution [6] , [19] .
In this paper, we expand [16] and the current state-of-the-art of waffle-iron filters in two different ways. First, the new technique of [16] is extended to include the design of highpower waffle-iron filters (thousands of watts at Ku-band for multipactor) with transmission zeros at one frequency, as those used in [19] . Second, a new waffle-iron structure that provides very compact high-power wide-rejection filters with transmission zeros at multiple frequencies is also presented along with its design procedure.
After Section I, the step-by-step design procedure is formally detailed in Section II. In Section III-A, three classical waffle-iron filters are designed with transmission zeros at a single frequency (placed at different locations within the stopband in each example), demonstrating the accuracy of the design procedure, while in Section III-B a novel compact highpower waffle-iron filter with transmission zeros at different frequencies has been designed and fabricated by milling. This paper ends with the concluding remarks of Section IV.
II. DESIGN METHOD
In this section, a complete step-by-step design procedure is proposed of a new structure that alternates rectangular waveguide sections and waffle-iron sections (i.e., rectangular waveguide sections with longitudinal slots) of different heights (see Fig. 1 ). This novel structure provides higher degrees of freedom than the classical one and, therefore, more design flexibility. However, this comes along with a higher number of design variables and, consequently, it makes unsuccessful typical brute-force optimization techniques.
Note how the filter in Fig. 1 is divided into N DE design entities (DEs), which are obtained independently and connected afterward. Each DE is defined as two half sections of uniform rectangular waveguide with a waffle-iron section between them [see Fig. 2(a) ]. As the first step in our method, the low-pass stepped-impedance prototype, based on a set of (2 · N DE + 1) transmission lines with characteristic impedances Z i and electrical length θ , is computed by means of Richards' transformation and the unit element extraction procedure [20] , once the aimed all-pole frequency response, the width of the structure, a, the required in-band return loss, the frequency of maximum rejection, f 0 , and the maximum frequency of the passband, f c , are fixed. The simplest electrical model of each DE is composed of half transmission line, one step, one transmission line, another step, and, finally, another half transmission line, as shown in Fig. 2(b) . Therefore, Z i of the low-pass stepped-impedance prototype is combined in triplets to calculate the frequency response of the electrical model ofwhere
is the 2 × 2 transmission ABCD matrix of the kth DE, calculated by the following equations:
It is important to note that there is a frequency dependence of [E k ] through the propagation constant of the fundamental TE 10 mode, β 10, f .
Then, for each DE, we calculate the magnitude of (1) evaluated at f c , |S 11,k ( f c )|, the phase of (1) evaluated at f c , φ k,S 11 ( f c ), and the phase of the
The design method continues by defining several physical parameters of the waffle-iron sections, following the typical well-known considerations for this kind of filters that appear in [10] . In particular, we define the number of teeth, n t , which will be higher for wider stopbands, as well as the length of the teeth, l t , their width, w t , and their separation, s t , which will be chosen equal (or very similar) and large enough to allow, simultaneously, an easy manufacturing and a good isotropy, providing the same characteristics, at a given frequency, for the TEM waves propagating in any direction.
Then, the heights b k [see Fig 
where
is the phase of the S 21 ( f ) at f 0 for the kth DE obtained with an EM simulator. Note that examining (2)- (5) 
Finally, the lengths of the different sections, l k , are simply computed by the following equation:
Moreover, for simplicity, the first, l 1 , and the last, l N DE , section lengths will be equal to l 1,1 (note that l 1,1 refers to the length of the first uniform transmission line that affects, as is well known, only to the phase of the frequency response of the entire structure).
It should be noted that although l t has been fixed at the beginning of the design process and it has been kept constant in all DEs, it could be deduced from (3)-(5) that the value of l t is to some extent connected with θ in the central transmission line in Fig. 2(b) . Thus, if (8) is not easily met, the value of l t should be accordingly modified (typically reduced) and b T k , l k,1 , and l k,2 recomputed, using again (6) 
Finally, sometimes, a slight adjustment is needed in order to obtain the final frequency response of the required filter, mainly due to the effect of high-order modes that are evanescently present at the intersections of the DEs. However, this is very easily and quickly done by, for instance, the FEST3D simplex optimization algorithm tool.
A. Waffle-Iron Filter With Transmission Zeros at One Frequency
The overall filtering structure [see Fig. 3 
. For the sake of simplicity, a symmetrical end-to-end structure is assumed.
First, the heights of the input and output ports, b 1 and b N DE , respectively, are set to a value lower than b max , given by (11), to avoid the excitation of the higher order non-TE n0 modes through the structure (the TE 01 mode in our case) at a selected maximum frequency, f max .
In order to maximize the high-power handling capability and the stopband attenuation of the structure in [16] , several transmission zeros placed at the same frequency (denoted as f Z ) in the stopband can be obtained by setting b k /2 around quarterwavelength at f Z , in the following equation, [19] :
Therefore,
is estimated choosing the frequency at which the transmission zeros are desired. Usually, f Z = f 0 since it maximizes the attenuation bandwidth and the power handling. However, if a frequency below f 0 is chosen, the stopband of the filter obtained will be narrower. On the other hand, if a frequency above f 0 is chosen, the transition slope between the passband and stopband is not improved and the rejection bandwidth hardly increases [19] . Note that if a frequency higher than f max is chosen, a waffleiron filter without transmission zeros in the stopband will be designed, being a particular case of this paper which has been already discussed in [16] . Hence, a wide stopband and a transmission zero close to the passband cannot be obtained simultaneously. Finally, it is also important to note that the actual location of f Z depends also on the physical parameters b tk , w t , and b Tk , [7] , [12] .
Once b k is estimated by means of (12), the value of b T k [and hence b tk by (10) ] is computed by satisfying (6) for the kth DE with the maximum value of |S 11,k ( f c )|, since it will determine the minimum b tk of the filter. Then, if b tk does not fulfil the minimum value required by the designer, b k should be increased by means of reducing f Z . However, it must be taken into account that b tk must be small enough to shift the cutoff frequency of the higher order non-TE n0 modes beyond f max . This also minimizes the excitation of the higher order modes in the inner part of each DE (since higher values of b tk imply higher values of b k and lower values of l k,1 and l k,2 through a capacitive effect-phase shift contribution). Then, b k and b T k are recalculated to fulfill (6) and the desired b tk (with the previous constraints) simultaneously, considering only the kth DE that has the maximum value of |S 11,k ( f c )|. Next, once the final value of b k has been fixed [and being equal for all k = 2, 3, . . . , (N DE − 1)], the b T k of each DE is calculated to satisfy (6) . At the same time, l k,1 and l k,2 of each DE will be calculated by satisfying (7) and (8) . Finally, the length of each section, l k , is straightforwardly computed by using (9) .
In this case, as it will be exemplified in Section III, the synthesis procedure is more accurate if the transmission zeros are closer to f max , since there will be less high-order modes energy contribution in the inner part of the device.
B. Novel Waffle-Iron Filter With Transmission Zeros at Multiple Frequencies
The novel filter [see Fig. 3(b) ] is obtained by cascading DEs with a different b k , which implement transmission zeros located at different frequencies. Physically, the structure begins with the DE that provides the transmission zero located farthest from the passband. Then, the rest of DEs are cascaded in such a way that the DE that provides the transmission zero closest to the passband will be placed in the center of the device.
The design method starts by designing the DE that provides the transmission zero, f Z ,k , closest to the passband
. Therefore, this b k is computed following (12) . Then, the value of b T k is directly calculated using (6) and then b tk is calculated by (10) . If b tk is not high enough for an adequate power handling, a higher value should be imposed to provide higher power handling but small enough to achieve the suppression of the higher order non-TE n0 modes beyond f max as well as to minimize the excitation of higher order modes due to the closeness between the waffle-iron sections. Thus, b k and b T k are readjusted to satisfy (6) . Then, l k,1 , and l k,2 are calculated by fulfilling (7) and (8) . If b k is high, it maximizes the high-power behavior but produces narrow stopbands. Indeed, the maximum rejection frequency of each DE, f M,k , can be easily computed by the out-of-band EM simulation of the kth DE.
Subsequently, the design process continues by designing the contiguous DE on the left (reducing k in one unit), which corresponds to
Note then that b k+1 was already computed and, hence, b k for this DE is calculated by (12) to achieve a transmission zero around the frequency, f M,k+1 , which can be selected by the designer satisfying f Z ,k ≥ f Z ,k+1 . Then, the value of b T k is computed satisfying (6) and the value of b tk calculated by (10) . Then, following the same criteria as in the previous DE if b tk is not the desired one, it can be modified (with the same limitations previously explained) and b k and b T k will be recalculated fulfilling (6) . Then, l k,1 , and l k,2 are computed by satisfying (7) and (8) . Reducing again k in 1 unit and proceeding iteratively in this way, the physical parameters of each DE are obtained as in the previous case to achieve the required transmission zero at f Z ,k fulfilling the target magnitude value using (6) , and the corresponding phases by (7) and (8) . It is important to note that the attenuation given by the transmission zeros can be reinforced if several identical DEs are chosen. The last DE to be designed is the one situated at the input port of the structure (k = 1). In this case, b 1 will be set smaller than the value given by b max through (11) to guarantee the suppression of the higher order non-TE n0 modes up to f max . Finally, the DEs on the right side of the devices will have the same physical parameters if we assume end-to-end symmetry for the sake of simplicity.
The design procedure can be summarized as the following step-by-step flowchart, which is given to the reader for an automatic implementation using a computer.
Step 1: Define the all-pole frequency response, N D E , a, f 0 , f c , and the required return loss.
Step 2: Compute θ c by using (5) and Z i with [20] .
Step 3: Electrical model calculations are as follows. 1) With Z 0 , Z 1 , and Z 2 , compute S 11,1 ( f c ) by means of (1) (k = 1).
2) With Z 2 , Z 3 , and Z 4 , compute S 11,2 ( f c ) by means of (1) (k = 2). 3) Proceed for all Z i 's triplets in the same manner to have the rest of S 11,k ( f c ).
4) Evaluate |S 11,k ( f c )| and φ k,S 11 ( f c ).
Step 4: Define n t , w t , s t , and l t .
Go to step 5 or 6 depending on your need to have a waffleiron filter with transmission zeros at one frequency step 5 or at multiple frequencies step 6.
Step 5: Waffle-iron filter with transmission zeros at one frequency (Section II-A).
1) Define f max and calculate b 1 following (11).
2) Define f z .
3) Define b k following (12), which will be equal for k = 2, 3, . . . , (N DE − 1). 4) Obtain b T k with EM simulations of each DE to satisfy (6). 5) Calculate b tk given by (10) . If any b tk is too small, go back to step 5-2 and decrease f z . 6) Obtain l k,1 and l k,2 with EM simulations of each DE to satisfy (7) and (8). 7) Calculate all l k s with (9) . At this point, all the physical dimensions of the waffle-iron filter with transmission zeros at one frequency have been calculated.
Step 6: Novel waffle-iron filter with transmission zeros at multiple frequencies (Section II-B). (10) . If b tk is not enough, increase b k and go back to step 6-2. 6) Obtain l k,1 and l k,2 with EM simulations to satisfy (7) and (8). 7) Reduce k in one unit, define f z,k (≥ f z,k+1 ), and repeat from step 6-3 until k = 1. 8) When k = 1, it must be checked that b 1 satisfies (11). 9) Calculate all l k s with (9). 10) By symmetry the second half of the filter is obtained. At this point, all the physical dimensions of the waffle-iron filter with transmission zeros at multiple frequencies have been calculated.
1) Start with
k = N D E /2 (if N D E is even) or k = (N DE + 1)/2 (if N DE is odd). 2) Define f Z ,
III. DESIGN EXAMPLES
According to the design methodology proposed earlier, two different groups of examples will be presented in this section.
The first group will demonstrate the feasibility of designing classical waffle-iron filters with transmission zeros at a single frequency following the novel design technique described in Section II-A. Indeed, three different waffle-iron filters whose transmission zeros are located at three different single frequencies will be designed. The second group includes a novel compact high-power wide-stopband waffle-iron filter with transmission zeros located at different frequencies, following the novel design technique described in Section II-B. Moreover, a prototype of this novel kind of filters will be fabricated and measured.
A. Waffle-Iron Filter With Transmission Zeros at One Frequency
Here, three different waffle-iron filters with transmission zeros at a single frequency will be designed with the parameters given in Table I and following the procedure described in Section II-A. The main difference between each filter is the location of the transmission zero. Indeed, the WaffleIron #1 will have a transmission zero further the passband but within the stopband ( f Z = 25 GHz), the transmission zero of the Waffle-Iron #2 will be around the middle of the stopband ( f Z = 20 GHz), and the Waffle-Iron #3 will have a transmission zero close to the passband ( f Z = 15 GHz).
The process to obtain the final dimensions of the Waffle-Iron #1 is detailed hereinafter. Following Section II-A, the design process begins (step 1) defining several parameters shown in Table I . We then calculate θ c by using (5) and Z i with [20] (step 2), and the results are shown at the top of Table II . Now, the electrical model calculations to obtain the targeted |S 11,k ( f c )| and φ k,S 11 ( f c ) using (1)- (5) are done (step 3) (see results at the bottom of Table II) . Then, n t = 4, w t = 2 mm, s t = 2.072 mm, and l t = 2 mm are set (step 4) to achieve the suppression of the higher order TE n0 modes. These values minimize also the excitation of the higher order modes in the inner part of the device and allow an easy manufacturability. Next, b 1 is set to 5 mm, using (11), to shift the higher order non-TE n0 modes (step 5-1) up to f max (30 GHz). Then, in (7) and (8) (step 5-6). Finally, l k is computed by (9) (step 5-7) and a slight adjustment of l k is done. This process has been repeated in all the designed filters, obtaining the final dimensions detailed in Table III. The comparison between the ideal (electrical model) and the FEST3D simulated frequency response for the synthesized structures before and after the final adjustment is shown in Figs. 4-6 for the Waffle-Iron #1, #2, and #3, respectively. As can be observed, the design procedure is more accurate for synthesizing filters that have the transmission zero closer to f max (or, in other words, less accurate when the transmission zero is close to the passband). The reason being that if the transmission zero is close to the passband, its associated structure will have higher b k and shorter l k , exciting more intensively the higher order modes which propagate in the waffle sections and are also evanescently present in the interface of the DEs. As mentioned in Section II, these effects are not directly considered in the design procedure. Even so, the adjustment needed to achieve the final response can be performed in l k only, making the optimization procedure quick and easy for an optimizer module such as the one included in FEST3D. Indeed, the final frequency response for the proposed filters is obtained in a few minutes by using the FEST3D simplex optimization algorithm tool.
B. Novel Compact High-Power Waffle-Iron filter With Transmission Zeros at Multiple Frequencies
If the stopbands of the previous examples were combined (see Fig. 7 ), a very steep slope and a wide rejected band might be simultaneously achieved if the different waffle-iron filters were cascaded by means of quarter-wave transformers of several sections as proposed in [19] . However, this is a bulky solution, not at all efficient in terms of mass and volume. Here, a novel compact high-power waffle-iron filter is presented utilizing the design technique proposed in Section II-B and fulfilling the frequency specifications given in Table IV . The designer has several degrees of freedom since, for the targeted specifications to be met, the number and positions of the transmission zeros can be selected, as well as the number of DEs employed to create each zero (multiplicity). In this example, the transmission zeros will be accomplished by a single DE (for the transmission zero closer to the passband) or by two DEs for the rest of transmission zeros (actually, the multiplicity is 4 due to the end-to-end symmetry).
The design process begins by selecting the design parameters given in Table I (step 1) and with the calculations associated with the stepped-impedance prototype given in Table II  (steps 2 and 3) , where a first zero at 15 GHz will be added to fulfill the requirements of Table IV . Then, the physical dimensions of the filter n t = 4, w t = 2 mm, s t = 2.072 mm, and l t = 2 mm are chosen for the filter to have a good isotropy (step 4), providing the same features (at a given frequency) for all TEM waves propagating in any direction. This achieves the suppression of the higher order TE n0 modes, minimizes the excitation of the higher order modes in the inner part of the device, and allows for an easy manufacturability.
Following the design technique described in Section II-B, the design process continues by designing the kth DE, which will provide the transmission zero closer to the passband (step 6-1). In this case, k = (9 + 1)/2 = 5, thus f Z ,5 = 15 GHz. The baseline value given by (12) is (7) and (8) (step 6-6) and are equal to 1.667 and 0.756 mm, respectively. Then, the out-of-band performance of the fifth DE is simulated to calculate f M,5 , which is around 20 GHz (step 6-7). Hence, (repeat steps 6-2 to 6-7) for k = 4 ( f Z ,4 = 20 GHz), the baseline value of b 4 = 7.5 mm is obtained using (12) . Then, in order to have b t 4 higher than 3 mm, and satisfying (6), b 4 is fixed to 10.2 mm, and b T 4 is adjusted to 3.716 mm. l 4,1 and l 4,2 are calculated by (7) and (8) and are equal to 1.83 and 1.477 mm, respectively. Then, proceeding iteratively, the physical dimensions of all DEs are computed. The last parameter to be fixed is b 1 , which will be equal to 3.5 mm to ensure the suppression of the higher order non-TE n0 modes up to 30 GHz (step 6-8). Finally, l k is computed by (9) (step 6-9), and the DEs on the right side of the devices will have the same physical parameters (step 6-10) due to end-to-end symmetry. An adjustment of the dimensions is performed by means of the optimization of only variables b T k and l k using FEST3D with simplex algorithm, obtaining the final values detailed in Table V . The frequency response of the synthesized prototype with and without the final adjustment is shown in Fig. 8, along with the ideal response of the electrical prototype. As can be seen in Fig. 8 , a very good starting point for the final adjustment is obtained applying the proposed design procedure. In fact, the return loss is already better than 10 dB for the entire passband before any adjustment. The final frequency response of the filter is obtained in a few minutes utilizing the simplex algorithm of FEST3D. In Fig. 8 , the great improvement in the slope between the passband and the rejected band can also be observed if we compare our novel solution with the classical stepped-impedance prototype. This result should be compared to a classical waffle-iron with and without transmission zeros. Since none of the filters designed in the previous section fulfills the specifications in Table III , new designs are done in the following. Let us start designing a classical waffle-iron filter without transmission zeros. Following the technique in [16] and aiming 100 dB of attenuation at 15 GHz (for a fair comparison), the number of DEs must be increased (from N DE = 9 in our proposal) to N DE = 14. The same applies to a waffle-iron filter with transmission zeros at one frequency placed at the middle of the stopband. In this case, the number of DEs must be increased to N DE = 13. In order to demonstrate this issue, one waffle-iron filter without transmission zeros and one waffleiron filter with transmission zeros at one frequency have been designed following the technique in [16] and Section II-A, respectively. The design parameters are given in Table VI, the  electrical model characteristic parameters in Table VII , and its final physical dimension in Table VIII .
The comparison between their frequency responses and the one of the novel filters is shown in Fig. 9 . If we study the performances of the three filters (see Table IX ), the novel filter presents the most compact layout and is the lowest loss solution. Moreover, the novel filter suppresses all higher order modes up to 30 GHz with a very high attenuation level, as can be observed in Fig. 10 .
The high-power behavior (multipactor and corona effects) of the filters designed in this section has been studied by means of SPARK3D, considering the EM fields previously calculated with CST MWS. The simulations have been done at 12.5 GHz (upper passband edge), which are the frequency where the EM fields are maximum and the multipactor threshold will be minimum. Moreover, the multipactor simulation has been performed using the SEY of silver as background material.
As can be seen in Table IX , the multipactor threshold level of the novel filter is quite high compared to the filter without transmission zeros and similar to the waffle-iron filter with transmission zeros at one frequency (as expected). The corona simulation has been conducted considering air at 293 K for different pressures as can be seen in Fig. 11 , and the results are summarized in Table IX. Finally, two quarter-wave transformers have been added to the input and output ports of the novel filter to reach the WR75 standard port dimensions. Then, a prototype of this filter has been fabricated by milling in bare aluminum in two halves cut by the H -plane. The unassembled prototype is photographed in Fig. 12 . The frequency response measurement of the prototype has been carried out by an Agilent E8361C PNA network analyzer and by means of waveguide-to-coaxial transitions and linear tapers. The measured frequency response of the prototype is shown in Fig. 13 along with the CST MWS simulation of the novel filter considering rounded corners. As can be observed, a remarkable accordance between the measured and simulated results is obtained. The measured insertion loss is better than 0.15 dB in the filter passband.
IV. CONCLUSION
In this paper, a novel high-power waffle-iron filter with a wide rejected band and transmission zeros at multiple frequencies in a single compact structure has been presented, including a detailed design procedure. The novel filter is composed of different DEs that produce transmission zeros at different frequencies, achieving a high attenuation over a wide stopband and a steep slope between the passband and the stopband. The filter benefits also from a very compact geometry, keeping the minimum mechanical gap under control. The design procedure is based on mimicking the magnitude and phase responses of the classical stepped-impedance prototype with the set of DEs which compose the novel structure. A stepby-step design technique is described so that it can be easily implemented in a computer and a physical insight is given for all its steps. Moreover, the design method can be also utilized to produce classical waffle-iron filters with transmission zeros at one frequency, surpassing the time-consuming brute-force optimization used nowadays. In order to demonstrate the feasibility of the technique, a novel filter has been designed, simulated, and compared with its classical counterparts. The filter dramatically reduces its size in comparison with the classical solution (the electrical performance of our filter has similar performance to that of a classical filter 68% larger). Moreover, our design provides lower insertion loss (a reduction of 21%) while keeping the high-power performance and the wide rejection bandwidth. A prototype of the novel filter has been fabricated by milling, and the measurement results show an excellent agreement with the simulations. As a final remark, it should be pointed out that the geometry of the teeth does not imply any change in the design procedure. This can be used to enhance even more the power-handling performance of the waffle-iron filters proposed in this paper.
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